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An earlier report (1) on the pathogenesis  of rabies in two species of experi- 
mentally  infected  insectivorous  Chiroptera,  the  Mexican  free-tailed  bat 
(Tadarida mexicana),  a  quasi hibernator, and the little brown  bat  (Myotis 
lucifugus), a true hibernator, provided evidence that brown adipose tissue may 
serve as an extraneural site for storage and multiplication of rabies virus. It is 
suggested by this observation that this tissue may provide a mechanism by 
which these animals serve as persisting reservoirs for the virus in nature. The 
present investigation is part of a  study designed  to determine how virus is 
released from brown adipose tissue to participate in the natural history of the 
disease. 
The unique thermoregulatory mechanism of bats sets them apart from other 
mammals; the body temperature of resting bats closely  paralleling  environ- 
mental temperature over a range of 2-37°C. (2). In view of the observed effects 
of temperature on the course and outcome of numerous experimentally induced 
viral infections (3-6), a study concerned with the pathogenesis of a virus disease 
in microchiropteran bats should include controlled temperature experiments. 
Preliminary observations in this laboratory (7) have shown that environmental 
temperature influences the progress of experimental  rabies in bats. The present 
experiments  were undertaken to extend these initial observations to determine 
the  extent  to  which  environmental temperature  influences  the progress  of 
experimental rabies infection in insectivorous bats. 
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Materials and Methods 
Viruses.--The  source of the Thompson strain of rabies street virus used in this study has 
been described elsewhere  (1).  The LD60 titer of  the stock  virus suspension for 3-week-old 
white  Swiss  mice  inoculated  intracerebrally was  10  -4-8. The rabies  virus  strain  (59VI3B) 
isolated from the pooled brown fat of two naturally infected little brown bats (Myotis lucifugus) 
was obtained from Dr. J. F. Bell in its third mouse brain passage. In the present experiments 
fourth mouse brain passage virus was used. The LDs0  titer for 3-week-old mice inoculated 
intracerebrally was 10  -~.~. The rabies-fixed virus (CVS strain) used in the neutralization tests 
was  obtained  from  the  Viral  and  Rickettsial  Disease  Registry,  American Type  Culture 
Collection, Washington, D. C. 
Mice.--3  to 4-week-old white Swiss mice (CFW) obtained from two animal breeders were 
used throughout these studies. 
Bats.--The species of insectivorous bats, their source and methods for safe laboratory care 
and maintenance have been described in previous reports (1, 8). The Mexican free-tailed bats 
(Tadarida mexicana)  a  were netted on the day experiments were initiated, and the little brown 
bats (Myotis lucifugus)  2 were usually inoculated 2 days after they were collected. Handling 
of bats during inoculation and transfer from field to laboratory cages was facilitated by a 
short period of  inactivation of  the  animals at  5°C.  They  were  inoculated intramuscularly 
(i.m.) into the heavy muscles over the chest, and the dose in each instance was approximately 
8,000 mouse intracerebral LDs0 in 0.1  ml. for the Thompson strain and 6,000 LD~0 for the 
strain isolated from bats. The inoculated animals were placed in specially designed cages (8) 
and maintained at 29°C.  -4- 2  (relative humidity 60 to 70 per cent) or at 5  ° or  10°C.  (rela- 
tive humidity 90 per cent). The relative humidity was kept at 90  per  cent  in  the  rooms 
maintained at 50 or 10°C to prevent death from dehydration over the prolonged observation 
period.  In some experiments animals were kept in the cold room for indicated periods and 
then transferred to the warm room.  Bats kept in the warm room received food and water 
daily.  Drinking water only was made available to bats kept in the cold room.  All animals 
were observed several times daily during the observation period and those which died during 
the Ist week after inoculation or transfer from the cold to the warm room, or those which 
had been dead more than 4 hours, are not included in the analyses. Throughout the course 
of the experiments all animals were observed carefully for signs and symptoms of rabies infec- 
tion. Animals were not handled during these observations even though all personnel had been 
immunized with modified live virus rabies vaccine of chick embryo origin (Lederle). 
Preparation and Assay of Tissues.--The  influence of  environmental temperature on the 
selective affinity of various tissues (brown fat, salivary gland, and brain) of the bat for rabies 
virus was shown by viral assay in 3- to 4-week-old white Swiss mice. The technique used in 
the preparation of tissues for qualitative and quantitative viral assays is described elsewhere 
0). 
1 We should like to acknowledge free access to the Blowout Cave, Blanco County, Texas, 
granted by Mr. Gould Davis, rancher and owner, without whose cooperation this study could 
not have been completed. We also wish to acknowledge the assistance of Mr. William Hanszen, 
rancher, who helped in netting bats. 
2 The authors are indebted to members of the Pittsburgh Grotto of the National Speleolog- 
ical Society and to Professor Harold B. Hitchcock and his students, for assistance in netting 
these bats in northern West Virginia, northwestern Pennsylvania, and from a  cave on Mt. 
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RESULTS 
Experiments with the Mexican Free-Tailed Bat (Tadarida mexicana) 
In previous studies  (1) it had been shown that Mexican free-tailed bats can 
be maintained in the laboratory at 29°C. for long periods of time; those which 
survive 7 or 8 days in captivity can usually be kept for several months.  Forty 
per cent of the free-tails survived 30 to 40 days at 10°C.  and in a few instances 
the animals could be kept  at this temperature for as long as 4 months. 
To study the effect of environmental temperature on the progress of experi- 
mental  rabies  in  bats  each animal  was  inoculated intramuscularly  into  the 
heavy muscles over the chest with approximately 8,000 mouse intracerebral 
LDs0 contained in 0.1 ml. (Thompson strain). Some of these animals were placed 
at 29°C. and others were kept at 10°C. At indicated times animals were trans- 
ferred from the cold room to the warm room. The results of such experiments 
are summarized in Table I. 
The number of Mexican free-tailed bats shown to develop infection of those 
available for study under each of the circumstances is indicated; those which 
died during the 1st week after virus inoculation or transfer from the cold to 
the warm room and those which had been dead more than 4  hours are not 
included in the tabulation. These animals were observed frequently for signs 
and symptoms of rabies which when observed consisted of irritability, aggres- 
siveness, and occasionally paralysis. Some animals were in apparent good health 
when sacrificed. 
It can be seen that environmental temperature had a significant effect upon 
the infection rate in the different groups of animals. Evidence of rabies infec- 
tion was  demonstrated in only 5.2 per cent of seventy-seven animals  which 
could be adapted to the low temperature environment. Rabies virus was demon- 
strated in the brain and brown fat of an animal found dead 12 clays after virus 
inoculation. Virus was demonstrated in the brown fat only in an animal found 
dead  on  the  31st  day  and  in  another  bat  sacrificed  in  apparent  good 
health  at  the  same  time.  The  rabies  virus  was  recovered  from  the 
brain  of  another  animal  which  succumbed  103  days  after  virus  inoc- 
ulation;  no  virus  was  detectable in  any of the  tissues  assayed  in  two ad- 
ditional  bats  sacrificed  in  apparent  good  health  at  the  same  time.  At  a 
time when several bats were transferred from the cold room at  10°C.  to the 
warm room at 29  ° C. (43 days after virus inoculation), four bats were sacrificed 
in apparent good health. No virus was detectable in any of the tissues tested 
nor could neutralizing antibodies (against the CVS strain of rabies-fixed virus), 
be demonstrated in the serum of these bats. Failure to demonstrate neutralizing 
antibodies in animals maintained in a cold environment may have been due to 
the fact that a rabies infection had not established itself in these animals or to 598  RABIES  PA~OGENESIS  IN  BATS.  II 
the observed effect of low temperature on antibody production (9,  10). Among 
the animals inoculated intramuscularly and kept at 29°C. less than 16 per cent 
succumbed during the 1st week in captivity and the infection rate among the 
surviving animals observed throughout a  21/~ month period was 23.8 per cent 
TABLE I 
Demonstration of Rabies  Virus (Thompson  strain)  in Interscapular  Brown Adipose Tissue and 
Other  Tissues  of Bats  (Tadarida  mexicana)  Inoculated  Intramuscularly  and 
Maintained at 10  ° or 29°C., or Transferred from 10-29°C. 
Environ-  No.  Per 
mental  infected  cent 
temper-  No. in-  in- 
ature  oeulated*  fected 
°C. 
10 
29 
10-29 
4/77  52 
32/137  23.8 
4/26  15.4 
Time after inoculation:~  Rabies virus demon- 
strated in 
Dead <4 hrs. 
12 
31 
103§ 
22, 42 
22 
22, 51, 51 
22-35  (lo) 
7043 
Sacrificed with _  Sacrificed 
sYmptoms  healthy 
22 
26 
22, 26 
26, 66 
14270, 142106 
31 
43 (4)1] 
22, 25 
32, 32, 75, 75 
50, 51 
30, 35 
514~ 
++ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
* Virus inoculum approximately 8,000 mouse intracerebral LDs0. Animals which died dur- 
ing the 1st week after virus inoculation or transfer from cold to warm room, not included in 
the analysis. 
~: Figure in parentheses  refers to number  of bats.  Subscripts refer to number of days at 
10°C. before transfer to 29°C. 
§ No virus detectable in 2 additional  bats mcrificed healthy at the same time. 
[] No neutralizing antibody detectable  in the serum of these bats. 
compared with 5.2 per cent at 10°C. Virus was demonstrated in the brown fat 
and  salivary gland  with  about  equal  frequency.  Although  these  experiments 
were initiated in the autumn when this migratory species is preparing for south- 
ward migration and at a time when "food reserves" are most plentiful, relatively 
few animals were available for transfer to the warm room after long storage at 
10°C.: Forty-three days after virus inoculation and maintenance at 10°C. fifty- 
seven bats were transferred to the warm room. Only twenty-six of these animals 
survived longer than 7 days and could be adapted to the change in enviroumen- SULKIN,  ALLEN, SIMS, KRUTZSCtt~ AND  KI~  599 
tal  temperature.  Evidence of rabies  infection was  demonstrated in  15.4 per 
cent of these bats during the entire observation period of 5~  months. In one 
instance, an animal sacrificed healthy 8 days after it was placed in  the warm 
room, virus was demonstrated in the brown fat and in the brain. In  another, 
found dead 27 days after transfer to 29°C., virus was recovered from the brain 
only. Two animals developed symptoms of rabies 142 days after virus inocula- 
tion.  One was maintained at  10°C.  for 70 days and developed symptoms of 
irritability and aggressiveness 72 days after transfer to 29°C. Virus was detect- 
able only in the brown fat. In the second, virus remained in "cold storage" for 
106 days and could be activated by transferring the animal to the warm room; 
36 days after transfer to 29°C. this animal developed evidence of rabies infec- 
tion and again virus was demonstrable in the brown fat and not in the brain or 
salivary glands. In each case failure to demonstrate virus in the brain may have 
been due to autosterilization (11). The experiments just described would sug- 
gest that decreased body temperature of the bat serves as a  means for "cold 
storage" of the rabies virus and that the brown adipose tissue may provide a 
depot. Significant differences were observed in the infection rates among ani- 
mals  maintained  in  the  cold  as  compared  with  those  kept  in  a  warm 
room (29°C). To establish whether environmental temperature influences viral 
multiplication in experimentally infected bats, various tissues were titrated for 
virus  content. 
The results of the titrations, summarized in Table II, re-emphasize the fact 
that  this  bat  species is  relatively insusceptible  to rabies infection following 
parenteral inoculation (1).  Virus concentrations even in the brain of animals 
sacrificed when symPtOms were observed never reached the level of the stock 
virus suspension (10  -4.8  ) used in initiating the experiments. Among the animals 
kept at 29°C., virus titers in the brain ranged from  <  10  -1"° to 10  -3.b while in 
the  brown  fat of  these animals  only an occasional animal had levels in  this 
tissue above 10  -2.o  . Fewer animals  showed virus in the salivary gland and in 
this  tissue titers ranged from  <  10  -1.°  to 10--  2"75. Of the animals  maintained 
at  10°C.  titrafions  were carried out in  two of the three showing virus in the 
brown  fat;  the  titers  were  10-1.5 and  10-  2'°, respectively. The levels in  the 
brains  of two  of these  animals also  were low,  *(  10-1.° and 10  -2-5. No virus 
was detectable in  the salivary glands of these  animals.  Among the  animals 
transferred to  the warm  room after prolonged periods in  the cold the virus 
levels in the brown fat and brain  ranged from  ~  1.0 log unit to 2.5 logs. No 
virus  was  demonstrable in  the  salivary glands  of these  animals.  Although 
only reasonably good success was achieved in maintaining the Mexican free- 
tailed  bat,  a  quasi  hibernator,  at  different  environmental  temperatures, 
these experiments would indicate that more active viral proliferation occurs in 
the animals kept at the higher temperature; at lower temperatures both the 
virus and the host are essentially inactive. 600  RABIES  PATHOGENESIS  IN  BATS. II 
TABLE  II 
Levels of Rabies  Virus  (Thompson  strain)  in Interscapular  Brown Adipose  Tissue,  Salivary 
Gland, and Brain o/ Bats (  Tadarida  mexicana)  inoculated Intramuscularly and 
Maintained at 10  ° or 29°C. or Transferred from 10-29°C. 
Environ- 
mental 
tempera- 
ture 
°C. 
10 
29 
10-29 
Condition of bats 
Dead  <  4 hrs. 
Sacrificed healthy 
Dead <  4 hrs. 
Sacrificed with symptoms 
Sacrificed healthy 
Dead <  4 hrs. 
Sacrificed with symptoms 
Sacrificed healthy 
Time after 
inoculation* 
days 
12 
31 
103 
31 
22 
22 
42 
51 
22 
22 
26 
26 
66 
22 
25 
32 
32 
51 
75 
75 
70  (43)~ 
i42  (70) 
5i  (43) 
--Log LDi0 in mice (i.e.) 
Brown fat 
1.5 
+ 
2.0 
1.66 
<1.0 
2.0 
3.0 
<1.0 
1.5 
1.5 
2.5 
+ 
1.5 
1.5 
+ 
2.0 
Salivary 
gland 
_-J- 
2.33 
2.7 
<1.0 
2.75 
<1.0 
<1.0 
_  L 
-  I 
s 
-  i 
+  ! 
L 
-  i 
-  i 
Brain 
2.5  i 
<1.0 
2.43 
2.75 
3.0 
2,0 
3.5 
2.5 
<1.0 
2.0 
<1.0 
2.5 
3.0 
<1.0 
2.5§ 
--§ 
<1.0 
--, virus not demonstrated. 
+, virus present in this tissue; LD~0 titer not determined. 
* Virus inoculum approximately 8,000 mouse intracerebral LDs0. Animals which died dur- 
ing the 1st week after virus inoculation or transfer from 10-29°C. not included in the analysis. 
Figures in parentheses refer to number of days at 10°C. before transfer to 29°C. 
§ Failure to demonstrate virus may have been due to autosterilization. 
Experiments with the Little Brown Myotis (Myotis lucifugus) 
Previous  studies  (1)  have  indicated  that  the  little  brown  bat  (Myotis 
lucifugus) is considerably more susceptible to peripheral inoculation with rabies SULKIN,  ALLEN,  SIMS,  KRUTZSCH,  AND  R'r~  601 
virus  than  the Mexican free-tailed  bat  and therefore  should serve as a  more 
effective  host  for  studying  the  influence  of  environmental  temperature  on 
pathogenesis  of rabies.  Furthermore,  since the little  brown myotis is  a  deep 
hibernator it seemed likely that efforts to maintain these animals in a cold en- 
vironment would be more rewarding if the experiments were started at a  time 
TABLE III 
Demonstration of Rabies  Virus (Thompson Strain) in Interscapular  Brown Adipose Tissue and 
Other Tissues of Bats (Myotis lucifugus)  Inoculated Intramuscularly and Maintained 
at 5  ° or 29°C., or Transferred from 5-29°C. 
Environ- 
mental 
temper- 
ature 
*C. 
29 
5-2911 
No. in- 
fected 
No. inoc- 
ulated* 
3/4O 
35/97 
23/47 
~r 
cent 
in- 
fected 
7.5 
36.1 
48.9 
Dead 
<4 hrs. 
19 
29 
16 
13, 20 
9, 14, 19 
13 
Time after inoculatJon~ 
Sacrificed  with  Sacrificed 
symptoms  healthy 
2O 
19 
28 
16 
20 
Rabies virus demonstrated in§ 
Bz ~wn fat  Salivary 
gland 
--  + 
+  + 
+ 
+  [25.7]-  [11.4] 
--  + 
Brain 
+ 
+ 
+ 
+  [91.4 
+ 
9-29  (18) 13, 13, 17, 17 
4O 
23, 34 
24 
22--40 (7)  35, 37, 37 
14, 21 
34 
40 
23, 34 
24 
22,  25, 33,  34 
+  + 
+ 
+  [30.4]-  [17.11 
--  + 
+ 
+ 
+ 
-  [91.~ 
+ 
+ 
* Virus inoculum approximately 8,000 mouse intracerebral  LDm. Animals which died dur- 
ing the 1st week after virus inoculation or transfer from cold to warm room not included in 
analysis. 
J: Figure in parentheses refers to number of bats. 
§ Figure in brackets indicates per cent positive among animals shown to be infected. 
I] Animals held at 5°C. for 14 days before transfer  to 29°C. 
when these animals ordinarily go into hibernation.  The results of experiments 
designed to determine the effect of environmental temperature on the progress 
of experimental  rabies in the little brown myotis are presented in Table III. 
As in the previous experiments each animal was inoculated intramuscularly 
into the heavy muscles over the chest with approximately 8,000 mouse intra- 
cerebral LD60 contained in 0.1 ml.  (Thompson strain).  Some of these animals 
were placed at 5°C.,  others were kept at 29°C.,  and still others were kept at 
5°C. for 14 days before transfer to 29°C. Again all animals were observed fre- 
quently for signs and symptoms of rabies.  Environmental  temperature  had a 602  RABIES  PATHOGENESIS  IN  ]BATS.  II 
profound effect upon the infection rate in the different groups of animals. Of the 
animals placed in the cold room (5°C.) evidence of rabies infection was demon- 
strated in only 7.5 per cent of the forty bats which survived the 1st week of the 
observation period of 40 days. Rabies virus was demonstrated in the brain and 
brown fat of an animal found dead 19 days after virus inoculation, and virus 
was demonstrated only in the salivary gland of an animal sacrificed healthy the 
next day. Virus was recovered from the brain of another bat found dead 29 days 
after inoculation of virus. Less than 10 per cent of the animals inoculated intra- 
muscularly and kept at 29°C. died during the 1st week in captivity. The infec- 
tion rate among those observed during the succeeding weeks was 36.1 per cent, 
and virus was widely distributed in this bat species between the 9th and 30th 
day following virus inoculation. Virus was demonstrated more frequently in the 
brown adipose tissue than in the salivary gland.  Of thirty-five bats shown to 
develop infection by mouse inoculation virus was detectable in the interscapular 
brown adipose tissue in 25 per cent of animals and in the salivary gland in only 
11 per cent. The infection rate was even higher among animals held at 5°C. for 
2 weeks and then transferred to the warm room. Of forty-seven bats studied 
during an observation period of 40 days rabies infection was demonstrated in 
23 or 48.9 per cent, and virus was detected in the various tissues of these ani- 
maJs between the 22nd and 40th days after virus inoculation. Again virus was 
demonstrated more frequently in the brown fat than in the  salivary gland. 
Tissues of eight bats were tested when the experiment was terminated 40 days 
after virus inoculation or 26 days after the animals were transferred from the 
cold to the warm room. Rabies infection was demonstrated in three but not in 
the remaining five. Of the three infected bats, one had recently died and virus 
was recovered from brain tissue only. All three tissues contained virus in a sec- 
ond bat which had symptoms when it was sacrificed, and virus was recovered 
from the brown fat and brain of the third bat which was in apparent good health 
when  sacrificed. 
The results of these experiments, presented graphically in Fig. 1, clearly in- 
dicate that  environmental temperature  influences the progress of rabies  in- 
fection in bats following intramuscular inoculation. That hibernation delays 
significantly multiplication of the virus inoculated intramuscularly is indicated 
by the fact that few of the animals kept in the cold room developed infection, 
and the progress of the infection among animals held in the cold prior to trans- 
fer to the warm room was considerably delayed as compared with those placed 
at 29°C. immediately after inoculation. It can be seen that the number of bats 
kept at 29~C. and shown to be infected increased steadily beginning 9 days after 
virus inoculation reaching a maximum infection rate of 36 per cent 29 days after 
virus inoculation. The progress of infection was delayed in those transferred to 
the  warm  room  after  fourteen  days  at  5°C.  First  evidence  of  infection 
was demonstrated at 22 days after virus inoculation (8 days after transfer to the ~7~i//iiiiii//iiiiiiii~  ;  711/iiiiiiiiiiiiiii/iiii/iiiiiiiii/ii/i//i 
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0 TABLE  IV 
Levds of Rabies  Virus  (Thompson  strain)  in InterscapuIar  Brown Adipose  Tissue,  Salivary 
Gland,  and  Brain  of Bats  (Myotis  htcifugus)  Inoculated  Intramuscularly  and 
Maintained at 5 ° or 29°C., or Transferred from 5-29°C. 
Environmental 
temperature 
°c. 
5 
29 
5-29~ 
'  Condition of bats 
Dead  <  4 hrs. 
Sacrificed healthy 
Dead  <  4 hrs. 
Sacrificed with symptoms 
Sacrificed healthy 
Dead  <  4 hrs. 
Sacrificed with symptoms 
Sacrificed  health)- 
I 
t  -Log LDs0 in mice (i.e.) 
Time after  I 
inocula-  [  ---~----  -- 
tion*  Salivary  •  Brown fat  gland  Brain 
days  I------I  ...... 
i 
19  1  5  --  <1  0 
/  20  --  < 1.0  -- 
13 
14 
16 
19 
20 
21 
13 
16 
17 
19 
28 
14 
20 
22 
24 
34 
37 
37 
40 
22 
23 
24 
34 
34 
40 
1.5 
2.0 
1.5 
2.5 
1.5 
2.0 
2.5 
3.5 
1.5 
2.0 
3.0 
2.75 
2.5 
3.0 
2.5 
2.5 
--  3.5 
--  3.0 
3.5  3.7 
--  1.5 
--  2.0 
--  4.5 
--  3.5 
3.2 
1.5  3.7 
--  --§ 
--  2.0 
+  2.5 
--  2.5 
2.5 
--  4.8 
<1.0  3.8 
--  2.0 
+  2.5 
2.0  1.5 
--  2.8 
3.0 
3.0 
2.75 
3.5 
4.0 
--, virus not demonstrated. 
+, virus present in this tissue; LDs0 titer not determined. 
* Virus inoculum approximately 8,000 mouse intracerebral LDs0.  Animals which died dur- 
ing the 1st week after virus inoculation or transfer from 5-29°C. not included in the analysis. 
Bats held at 5°C. for 14 days before transfer to 29°C. 
§ Failure to demonstrate virus may have been due to autosterilization. 
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warm room), and a  maximum infection rate of 48.9 per cent was reached 18 
days later. Further evidence that hibernation provides a means for "cold stor- 
age" of the virus, delaying viral proliferation, is reflected in the virus concentra- 
tions in the various tissues of experimentally infected bats. 
Table IV shows the levels of rabies virus in the interscapular brown adipose 
tissue, salivary gland, and brain of animals in the previous experiment (Table 
III). Only three of the forty animals maintained in the cold after virus inocula- 
tion showed evidence of rabies infection; titers in each instance were 10  -1.5 or 
less. Virus titers in the various tissues of animals kept at 29°C. throughout the 
study period ranged from I log unit to as high as 10  -4'5. Virus titers in the brain 
were generally greater than  10  -2"5, while titers in the brown fat were usually 
less than 10  -~-5. The salivary glands from each of only two bats were titrated; 
the titers were 10  -3'~ in an animal found dead on the 16th day and 10-  x.6 in an 
animal sacrificed with symptoms on the 19th day. In each case high virus titers 
were observed in other tissues. Active viral proliferation was observed in the 
brain and to some extent in the brown adipose tissue in bats held at 5°C. for 14 
days and then placed at 29°C. In at least one instance, an animal sacrificed with 
symptoms 37' days after virus inoculation, the virus concentration in the brain 
(10  -4.8) reached the level of the stock mouse brain virus suspension used in 
initiating  the experiments. Virus  titers in  the brain  were generally 10  -~.° or 
greater and somewhat less in the other tissues. Also, a higher concentration of 
virus was demonstrated in the various tissues of these animals than in the com- 
paratively few animals held at 5°C. and shown to be infected. In addition, the 
higher virus titers observed in the tissues of these animals reflects the increased 
susceptibility of the little brown myotis as compared with the Mexican free- 
tailed bat. 
Experiments with a Bat Rabies Strain (59VI3B) in Little Brown Bats 
(Myotis lucifugus) 
In the next series of experiments a strain of rabies virus recovered from the 
pooled brown adipose tissue of two naturally infected little brown myotis (12) 
was used. The design of the experiments was essentially the same as that pre- 
viously described in order that the influence of environmental temperature on 
the progress of experimental rabies produced in this bat species with a canine 
strain and a bat strain might be compared. Each animal was inoculated intra- 
muscularly into the heavy muscles over the chest with approximately 6,000 
mouse intracerebral LDs0 contained in  0.1  ml.  Some of these  animals  were 
placed at S°C., others were kept at 29°C., and still others were kept at 5°C. for 
17 days before transfer to the warm room. Although all animals were observed 
frequently for signs and symptoms of rabies during the observation period of 7 
weeks, only one animal showed signs of rabic infection. From the results sum- 606  RABIES  PATHOGENESIS  IN  BATS.  II 
marized in Table V it is clear that environmental  temperature had a significant 
effect on the infection in the different groups of animals. Evidence of rabies in- 
fection was demonstrated in only 4.3 per cent of forty-seven bats which had 
been maintained in the cold room (5°C.). Rabies virus was demonstrated in the 
brain only in an animal found dead 13 days after virus inoculation, and in the 
TABLE  V 
Demonstration  of Bat  Rabies  (Strain  59VI3B)  in  Interscapular  Brown Adipose  Tissue  and 
Other  Tissues  of Bats  (Myotis  lucifugus)  Inoculated  Intramuscularly  and 
Maintained at 5 ° or 29°C. or transferred from 5-29°C. 
Environ- 
mental 
temperature 
°c. 
5 
29 
5-2911 
No. 
infected  Per cent 
No,~  infected 
inoculated 
2/47  4.3 
14/28  50.0 
21/50  42.0 
Time after inoculation:~  Rabies virus demonstrated  in§ 
Salivary  Dead  Sacrificed  Brown  fat  Brain  <4 hrs.  healthy  gland 
21  +  --  -- 
25 
27 
27 
21, 27 
21 
11, 21, 25 
14-27  (5) 
21 
33-48  (6)¶ 
35, 40 
38, 38, 40 
48, 48 
37, 45, 45 
42, 45 
+ 
+ 
+  [92.0] 
+ 
+ 
+ 
+  [57. t] 
+ 
+ 
-  [28.5] 
+ 
-  [52.4] 
+ 
+ 
+ 
+ 
[5o.0] 
+ 
+ 
+ 
[66.6] 
+ 
+ 
* Virus inoculum approximately 6,000 mouse intracerebral LDs0. Animals which died dur- 
ing the 1st week after virus inoculation or transfer from cold to warm room not included in 
analysis. 
:~ Figure in parentheses refers to number of bats. 
§ Figure in brackets indicates per cent positive among animals shown to be infected. 
H  Animals held at 5°C. for 17 days before transfer to 29°C. 
¶ One of these animals sacrified with symptoms 33 days after virus inoculation. 
brown fat only in an animal sacrificed healthy on the 21st day. The infection 
rate among those kept at 29°C. was 50 per cent. As in the case of experiments 
with this bat species using the canine street virus (Table III), virus was widely 
distributed in this host between the 11th and 27th day following virus inocula- 
tion. However, this virus strain was demonstrated more frequently in brown 
adipose tissue than in either salivary gland or brain; virus was detectable in the 
interscapular brown fat in 92 per cent of animals shown to develop infection by SULK-IN, ALLEN, SIMS, KRUTZSCH, AND  KIM  607 
mouse inoculation and in the salivary gland and brain in only 28.5 and 50.0 per 
cent, respectively. Rabies infection was demonstrated in 21 or 42 per cent of the 
fifty bats held at 5°C. for 17 days before transfer to the warm room.  Virus 
was  detected in the various tissues  of these animals  between  the  25th  and 
48th day after virus inoculation or 8 to 31 days after the animals were trans- 
ferred from the cold room to the warm room. Virus was demonstrated in the 
brown fat, salivary gland, and brain of infected animals with about equal fre- 
quency. 
The levels  of rabies virus in interscapular brown adipose tissue,  salivary 
gland and brain of little brown bats inoculated intramuscularly with the bat 
rabies virus strain and maintained at different temperatures are shown in Table 
VI. Little viral proliferation occurred in animals maintained in the cold during 
the 7 week observation period. The virus titers in the brown fat and brain of the 
two animals shown to be infected were less than 1 log unit. Active viral prolifera- 
tion, however, occurred in animals kept at 29°C. Virus titers in brown fat and 
brain ranged from less than 1 log unit to as high as 10  -s'5. The concentration of 
virus in salivary glands was low; in three instances the titers were <  10  -z.° and 
in another the titer was 10  -z'~. In the latter instance 3.0 to 3.5 log units of virus 
were present in the brown fat and brain. Viral titers in the brown fat and brain 
of animals which had been maintained at 5°C. for 17 days before transfer to the 
warm room appeared to be somewhat higher than in tissues  from animals in 
the 29°C. group and virus concentrations in salivary glands were significantly 
greater. Titers in each group of tissues assayed ranged from <  10  -1.° to between 
3.0 and 3.5 log units. In no instance did the virus concentration reach the level 
of the stock mouse brain virus suspension used in initiating the experiments. A 
comparison of the effect of environmental temperature on virus levels in brown 
fat, salivary gland and brain of bats experimentally infected with canine rabies 
virus (Table IV), and those infected with a  bat rabies strain  (Table VI) in- 
dicates that multiplication of both strains in bat tissues is suppressed when ani- 
mals are maintained in the cold. When inoculated animals are maintained at 
29°C. or transferred to 29°C. following a postinoculation period at 5°C. both 
rabies virus strains proliferate in various bat tissues. 
Although experimental rabies infection in little brown bats,  whether pro- 
duced by a canine rabies virus strain or one recovered from naturally infected 
bats, was suppressed by a  cold environment and activated by an increase in 
environmental temperature, certain  differences  in  the characteristics of the 
virus strains became apparent during the course of these experiments. When 
young white Swiss mice were inoculated intracerebrally with the rabies virus re- 
covered from naturally infected bats in order to obtain stock virus for use in 
these studies, it became evident that the characteristics of the disease produced 
in these animals differed from that resulting from inoculation with the canine TABLE  VI 
Levels of Bat Rabies  Virus (Strain 59VI3B) in Interscapular  Brown Adipose  Tissue,  Salivary 
Gland,  and  Brain  of Bats  (Myotis  lucifugus)  Inoculated  Intramuscularly  and 
Maintained at 5 ° or 29°C., or Transferred  "rom 5-29°C. 
-Log LDso in mice (i.c.) 
Condition of bats 
Dead  <  4 hrs. 
Sacrificed healthy 
Dead  <  4 hrs. 
Sacrificed healthy 
Environmental 
temperature 
°C. 
5 
Dead  <  4 hrs. 
29 
Sacrificed with symptoms 
Sacrificed health3" 
Time after 
inocula- 
tion* 
days 
13 
21 
19 
25 
11 
14 
14 
21 
21 
21 
21 
21 
25 
25 
27 
27 
25 
27 
27 
42 
45 
45 
45 
48 
48 
48 
5-29* 
Brown fat 
<I.0 
2.8 
1.8 
<1.0 
<1.0 
1.0 
<1.0 
1.5 
1.5  <1.0 
<1.0  <1.0 
2.3 
<1.0 
<1.0 
3.0 
+ 
3.5 
3.5 
<1.0 
<1.0 
1.2 
3.0 
1.5 
2.5 
2.5 
j  -- 
2.5 
2.5 
Salivary  Brain 
gland 
--  <10 
<1.0  3.0 
<1.0 
<1.0 
25 
1.5 
1.5 
--  NT 
1.7  3.5 
<1.0  -- 
--  <I.0 
2.0  2.5 
1.7  2.5 
--  <1.0 
<1.0  <1.0 
3.0  3.0 
--  2.5 
1.0  2.5 
<1.0  -- 
2.5  2.5 
--  3.0 
--  3.0 
<1.0  -- 
2.5  2.5 
<1.0  2.5 
<1.0  2.5 
NT, not tested. 
--, virus not demonstrated. 
+,  virus present in this tissue; LDw titer not determined. 
* Virus inoculum approximately 6,000 mouse intracerebral LDs0. Animals which died  dur- 
ing the 1st week after virus inoculation or transfer from 5-29°C. not included in the analysis. 
:~ Bats held at 5°C. for 17 days before transfer to 29°C. 
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rabies  virus  (Thompson  strain).  When  the  inocula  contained  comparable 
amounts of virus the mean incubation period with the bat rabies virus was 9 
days and 5.5 days for the canine strain. In addition, with the former agent an 
encephalomyelitic disease resulted while with the canine rabies virus the in- 
fection seemed to be limited to the higher centers of the central nervous system. 
The duration of the disease was somewhat more protracted when the bat rabies 
virus strain was used. As mentioned previously only one of the little brown bats 
infected with the bat rabies virus strain showed clear evidence of clinical dis- 
ease (irritability and aggressiveness). On the other hand, a significant propor- 
tion of the Mexican free-tailed bats and little brown bats inoculated with the 
canine rabies virus developed symptoms of rabies infection. Another significant 
difference in the characteristics of the two strains of rabies virus used is indi- 
cated by differences in tissue predilection. It can be seen from an analysis of the 
data presented graphically in Figs. 2 and 3 that the canine rabies virus strain 
is  considerably  more  neurotropic  than  the  strain  isolated  from  the  brown 
adipose tissue of naturally infected bats. Virus was demonstrated in the brains 
of over 90 per cent of the little brown bats shown to develop infection following 
inoculation with the canine rabies virus whether maintained at 29°C. or held 
at 5°C. for several days prior to transfer to the warm room (Fig. 2). Similarly, 
environmental  temperature  seemed  to  have  little  influence  on  the  fre- 
quency with which the canine strain was demonstrated in either brown fat or 
salivary glands of infected animals. The increased lipotropic characteristic of 
the bat rabies virus strain is evident from the results presented in Fig. 3. Virus 
was  demonstrated  in  the  brown  adipose  tissue  of  92  per  cent  of  the 
little brown bats inoculated with this virus strain and maintained in the warm 
room, whereas virus was demonstrated in the brain tissue of only 50 per cent of 
these animals. Virus was demonstrated in the salivary gland tissue of less than 
30 per cent of the animals shown to be infected. When the animals were kept 
in the cold for several days following inoculation before being transferred to 
29°C. virus was demonstrated in the various tissues obtained from bats through- 
out the observation period with about equal frequency. This rather uniform 
distribution together with the increased virus titers in these tissues (Table VI) 
suggests that some virus activity may have occurred in these animals during 
the 17 day period when they were maintained in a cold environment prior to 
transfer to a warm room. In addition, under these circumstances, virus reaches 
a detectable level in all tissues assayed at about the same time whereas when 
animals were placed in the warm room immediately after inoculation there was 
a considerable delay (12 days) before virus was detectable in salivary gland as 
compared to brown fat and brain. 610  RABIES  PATHOGENESIS  IN  BATS.  II 
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DISCUSSION 
It is now a  well documented fact that various species of bats may become 
carriers of rabies virus (13-16) and that these animals may transmit rabies to 
man (1,  13,  17).  Since a large number of naturally or experimentally infected 
bats exhibit no symptoms of rabies even though virus can be isolated from sev- 
eral tissues, it would appear that this host-virus relationship is particularly well 
balanced. Inapparent rabies infection is a relatively new concept for it was long 
thought that rabies virus produced an invariably fatal disease in an animal in 
which it multiplied. In order to better understand this host-virus interaction 
studies have been undertaken to define the pathogenesis of rabies in insectivor- 
ous Chiroptera. The demonstration that rabies virus will invade and multiply 
in the brown adipose tissue of experimentally infected bats suggested that this 
tissue may serve as a depot for storage of rabies virus, thus providing a possible 
means by which these animals become reservoirs for the virus in nature (1). The 
biochemical composition and physiological activity of bat brown adipose tissue 
make it an ideal substrate for maintenance or replication of rabies virus (18, 19). 
The demonstration of rabies virus in the brown fat of naturally infected, asymp- 
tomatic insectivorous bats  (12,  20) lends credence to the hypothesis that this 
tissue provides nutriment for a  latent focus of infection. If such loci exist in 
naturally infected bats the role of these animals in the transmission of rabies in- 
fection would depend on virus activation and dissemination from this site to the 
central nervous system and salivary gland.  The various physical factors and 
physiological functions encountered or experienced by the bat  in nature are 
being studied for their bearing on rabies infection in this animal. One such fac- 
tor, the gravid state, which is known to have a significant effect on the progress 
of certain natural and experimental viral infections, appears to have little in- 
fluence on the susceptibility of insectivorous bats to experimental rabies infec- 
tion (21). 
Environmental temperature has been shown to have a  significant effect on 
various experimental virus-host systems, both in vivo and in vitro  (3-6, 22, 23). 
The observed effects seem to depend on the particular virus and on the host or 
cell system under study. For example, exposure of adult mice to a cold environ- 
ment decreased their resistance to infection with a  Group B  Coxsackie virus 
(5),  increased  their resistance  to  vesicular stomatitis  virus  (4),  and  had  no 
effect on the progress of experimental rabies (24). Temperature of incubation 
has been shown to influence multiplication of poliomyelitis, influenza and herpes 
viruses in tissue culture systems (6, 25-28). The mechanism by which environ- 
mental temperature affects a viral infection in an intact animal has never been 
adequately defined. In the case of Coxsackie virus infection in mice, results ob- 
served at different temperatures were presumably not due to the direct effect 
of temperature on virus multiplication, since internal temperatures of mice at SULKIN, ALLEN, SIMS, KRUTZSCH, AND  KIM  613 
4°C. or at 36°C. did not vary more than 2°C. from normal, but rather to some 
response of the host to variations in environmental temperature (5). Results of 
temperature studies carried out in tissue culture systems may represent a direct 
effect of temperature on viral development. The accumulating information on 
the influence of environmental temperature on  experimental viral infections 
takes  on added significance when one uses the bat  as an  experimental host. 
These animals differ from all other mammals in the way they regulate, or rather 
fail  to  regulate,  their  body  temperature.  Whereas  warm-blooded  mammals 
(homoiotherms) possess physical and chemical thermoregulatory mechanisms 
that prevent marked variations in body temperature from a normal of around 
37°C., the body temperature of resting bats has been shown to closely parallel 
environmental temperature over a  wide range. Bats behave like cold-blooded 
animals (poikilotherms) during hibernation, but unlike other hibernating mam- 
mals  (heterotherms)  remain poikilothermic when aroused. Only through the 
muscular activity associated with flight do bats behave as homoiotherms, rais- 
ing their body temperature above that of the environment (2, 18, 29). 
Two strains of rabies virus were used in the present study, a  canine rabies 
street virus which produced a fatal infection in man and a strain recovered from 
naturally infected bats. The former strain was selected because it was a  high 
titered virus producing a  widely disseminated infection in experimental hosts 
and had been used in previous studies (1). The latter strain was used because it 
had been isolated from the pooled brown fat of naturally infected little brown 
bats and because results obtained with this strain are more likely to provide in- 
information relating to the ecology of the disease in these animals. 
It is apparent from the results obtained in the present study that environ- 
mental temperature has a profound effect on the course of experimental rabies 
infection induced in at least two species of microchiropteran bats. When little 
brown bats or Mexican free-tailed bats were inoculated with a canine strain of 
rabies virus and placed immediately at 5°C. or 10°C.  both virus and host re- 
mained inactive during the period of simulated hibernation. When these ani- 
mals were transferred to 29°C. the virus in "cold storage" began to multiply 
reaching detectable levels in about the same length of time as observed in bats 
maintained at 29°C. from the time of inoculation. Similar results were obtained 
in little brown bats using a strain of rabies virus recovered from a pool of brown 
adipose tissue from two naturally infected myotis. Virus was demonstrated in- 
frequently in the tissues of animals inoculated and placed directly at 5°C. but 
remained viable and was activated when animals were transferred to 29°C. 
That a depressed metabolic state of the host is responsible for a low rate of 
multiplication  of rabies virus  has  been  shown  by Sadler and  Enright  (30). 
These investigators, controlling metabolic rate of the host by holding animals 
at different ambient temperatures (29, 30), showed that following intracerebral 614  RABIES  PATHOGENESIS  IN  BATS.  II 
inoculation of a  highly neurotropic strain of bat rabies virus into pallid bats 
(Antrozous pallidus) virus developed slowly in the tissues of hibernating bats 
even though the virus was established before hibernation. These observations 
would indicate that suppression of viral activity in animals kept at 5  ° or 10°C. in 
the present study was due to the reduced metabolic activity of the host at these 
temperatures. 
Although both of these virus strains appeared to be affected in a similar way 
by low temperature, a closer examination of the results revealed differences in 
the patterns of infection produced by these viruses in active bats and in those 
awakened following simulated hibernation. The cumulative frequencies of iso- 
lation of the more neurotropic strain of canine rabies virus from tissues of in- 
fected bats were approximately the same in animals maintained at 29°C.  after 
inoculation and in animals held at 5°C. for 14 days before transfer to the warm 
room, indicating that virus activity was suppressed in the cold and beginning 
on the day of transfer proceeded in a manner identical with that observed in tt~e 
29°C. group. On the other hand, the pattern of infection produced by the more 
lipotropic strain of bat rabies virus seemed to be affected by the period of simu- 
lated hibernation. In the group maintained in the warm room the lipotropic 
characteristic of this strain was made evident by the high percentage of virus 
isolations  from  the  brown  adipose  tissue.  However,  virus  was  found  to 
be equally distributed among the various tissues from animals maintained at 
29°C., following an extended period under simulated hibernation. These results 
suggest that after a period of latency in a dormant animal, activated virus may 
reach the salivary gland more rapidly and with greater frequency. In addition, 
the virus concentration in this tissue is greater than in infected animals which 
have not experienced a period of hibernation. If such an hypothesis has validity 
then seasonal fluctuations in environmental temperature would provide not only 
a mechanism for virus storage in this reservoir host but would also increase the 
chances of virus transmission by this host. This concept may only apply for 
strains of rabies virus which circulate in bat populations. Since rabies viruses 
recovered from various species of bats may differ in certain characteristics from 
strains isolated from other natural hosts a  study has been undertaken to es- 
tablish the extent to which strain differences exist. 
Results obtained on the course and outcome of experimental rabies infection 
in bats held in simulated hibernation (5-10°C.) and in a warm room (29°C.) can 
be regarded as at least indicative of the pathogenesis of this  disease in  bat 
species experiencing temperature fluctuations in nature. There is no reason to 
believe that bats react differently to temperature in nature than they do in the 
laboratory. It seems, therefore, that environmental temperature is apt  to be 
an important factor in the progress of rabies infection in bats for the body tem- 
peratures of these animals in their natural habitats must closely parallel that of 
their environment. In hibernating, non-migratory species, body temperatures SULKIN, ALLEN~ SIMS, KRUTZSCH, AND KI.~  615 
would fluctuate to  the  extent of the seasonal  temperature variations.  Other 
species, by virtue of their winter migrations to warmer climates, might main- 
tain body temperature within a narrower range. In this regard, although there 
is information on the geographic distribution of bat rabies in the United States, 
only limited data are available concerning the frequency with which rabies oc- 
curs in bat species in different areas. There is indication, however, that rabies in- 
fection is more prevalent in bat species indigenous to southeastern and south- 
western areas in the United States (31). 
S~ARY 
Studies on the influence of environmental temperature on the pathogenesis 
of rabies in  two species of experimentally infected Chiroptera,  the Mexican 
free-tailed bat (Tadarida mezicana) and the little brown bat (Myotis ludfugus), 
provided evidence that little or no viral multiplication occurs in the inactive 
host during experimentally induced hibernation. When inoculated animals are 
wakened from hibernation by transfer to a  warm  room,  virus  previously in 
"cold storage" multiplies, reaching detectable levels in various tissues. Similar 
results were obtained with two strains of rabies virus, a  canine rabies street 
virus which produced a  fatal infection in man and a  strain isolated from the 
pooled brown  fat  of naturally infected little brown bats.  However, certain 
differences in the characteristics of these virus strains were observed. The canine 
rabies virus strain produced an encephalitic disease in mice and overt symptoms 
in bats; the bat rabies virus producing an encephalomyelitic disease in mice and 
infrequent symptoms in bats. The bat rabies virus had a  greater predilection 
for brown adipose tissue than the canine strain. Results obtained with the bat 
rabies virus in hibernating animals indicate that after a period of latency in a 
dormant animal  activated virus may reach the salivary gland more rapidly, 
with greater frequency, and attain higher concentrations than in animals which 
have not experienced a period of hibernation. The significance of these results 
as they relate to the natural history of bat rabies is discussed. 
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